Hydrolysis of RNA in imidazole buffer and by spermineimidazole conjugates has been investigated. The RNA models were yeast tRNA^P and a transcript derived from the 3'-terminal sequence of tobacco mosaic virus RNA representing a minihelix capable of being enzymatJcally aminoacylated with histidine. Imidazole buffer and spermine-imidazole conjugates in the presence of free imidazole cleave phosphodiester bonds in the folded RNAs in a specific fashion. Imidazole buffer Induces cleavages preferentially in single-stranded regions because nucleotides In these regions have more conformational freedom and can assume more easily the geometry needed for formation of the hydrolysis intermediate state. Spermine-imidazole constructs supplemented with free Imidazole cleave tRNA As P within single-stranded regions after pyrimidine residues with a marked preference for pyrimidine-A sequences. Hydrolysis patterns suggest a cleavage mechanism involving an attack by the imidazole residue of the electrostatically bound spermine-imidazole and by free imidazole at the most accessible singlestranded regions of the RNA. Cleavages in a viral RNA fragment recapitulating a tRNA-like domain were found in agreement with the model of this molecule that accounts for its functional properties, thus illustrating the potential of the Imldazole-derived reagents as structural probes for solution mapping of RNAs. The cleavage reactions are simple to perform, provide information reflecting the state of the ribose-phosphate backbone of RNA and can be used for mapping singleand double-stranded regions in RNAs.
INTRODUCTION
Small RNA cleaving molecules are extensively used as probes for the investigation of RNA structures in solution (e.g. [1] [2] [3] [4] [5] [6] . The groups capable of catalytically hydrolysing RNA are considered as perspective groups for the design of efficient antisense oligonucleotide derivatives (7) (8) (9) (10) . In an attempt to develop efficient catalytic RNA cleaving groups, mimics of active centres of RNases have been synthesised and tested (11) (12) (13) . The sufficiency of imidazole groups to imitate the active centre of RNase (14) (Fig. 1A) has been suggested by the possibility to hydrolyse RNA in concentrated imidazole buffer (15) (16) (17) .
Recently we have mimicked the active centre of RNase A with small molecules containing two imidazole residues conjugated to an intercalating phenazine dye by linkers of variable length and flexibility (13) (Phen-Im in Fig. 1B ). In the course of these studies we were led to investigate hydrolysis of RNA by conjugates of spermine and imidazole and by imidazole buffer. Here we describe RNA hydrolysis with imidazole and with spermine-imidazole constructs ( Fig. IB) which act on RNA in the presence of imidazole buffer. The constructs contain a polycationic moiety which binds to the negatively-charged ribose-phosphate backbone and bring the conjugated imidazole residue in close contact with the phosphates and riboses. The second imidazole residue needed for the hydrolysis is provided by the buffer. We tested the specificity of the reagents on an RNA with known structure, tRNA^ and on a pseudo-knot containing RNA molecule and found that the cleavage patterns produced by imidazole and the imidazole constructs reflect the conformational state of the RNA.
MATERIALS AND METHODS

Chemical reagents and enzymes
Imidazole (buffer grade) from Merck was used without any additional purification. Spermine-imidazole constructs were synthesised as previously described (18) . All buffer solutions were prepared from Milli-Q water, contained 1 mM EDTA, and were filtered through membrane filters Millex GS from Millipore with 0.2 um pores.
Rotiphorese Gel 40 solution of acrylamide and bis-acrylamide was from Carl Roth GmbH (Karlsruhe, Germany). [y- . Two imidazoles of histidine residues of the enzyme act as acidic and basic imidazolium and imidazole units, respectively (14) . At the first step of the process, the ester interchange to form a cyclic phosphate occurs, which results in scission of the RNA chain. Then the formed 2'3'-cyclic phosphate ester is hydrolysed by the enzyme. (B) Structure of the conjugates bearing imidazole residues and groups capable of non-covalent interaction with nucleic acids (Phen-Im and Sp-Im). Two more spermine imidazole conjugates have been tested, which were similar to Sp-Im except that the imidazole residue was methylated at nitrogen 1 (Sp-Im-1) and nitrogen 3 (Sp-Im-3).
(3000 Ci/mmol), [a-32 P]ATP (400 Ci/mmol) and [<x-32 P]pCp (3000 Ci/mmol) were from Amersham (Les Ulis, France). T4 polynucleotide kinase was from Amersham, snake venom phosphodiesterase from Worthington (Freehold, NJ) and bacterial alkaline phosphatase from Appligene (Strasbourg, France). T7 RNA polymerase was prepared according to (19) and (ATP:CTP) tRNA nucleotidyl-transferase according to (20) . Nsil restriction nuclease was from Gibco BRL (Bethesda, ML) and RNasin from Promega (Madison, WT). Enzymes and chemicals used for end-labelling of RNA and electrophoresis were as described in (21) . All other products were of the highest quality available.
RNAs
Total yeast tRNA, used as carrier to supplement labelled RNAs, was from Boehringer-Mannheim (Meylan, France). Native yeast tRNA As P was obtained from total tRNA by established procedures (22) . A 38 nucleotide-long RNA, derived from the 3'-terminal sequence of tobacco mosaic virus (TMV, wild strain) (23) and corresponding to a minihelix recapitulating the acceptor branch of the viral tRNA-like domain, was cloned downstream of the T7 RNA polymerase promoter as described earlier (24) .
Plasmids were linearised by Nsil restriction nuclease before transcription so that transcripts will end with the 3'-terminal CCA triplet. Transcription mixtures contained 40 mM Tris-HCl pH 8.0, 22 mM MgCl 2 , 1 mM spermidine, 5 mM DTT, 0.01% Triton X100, 40 U RNasin, 4 mM each of the NTP, 15 ng linearised DNA for 50 ul transcription mixture, and 500 U T7 RNA polymerase. After incubation for 3 h at 37 °C, reactions were stopped by a 1:1 phenol/ether extraction followed by ethanol precipitation. Transcripts were separated from non-incorporated nucleotides and DNA by gel electrophoresis. Appropriate bands were electroeluted and pure transcripts recovered by ethanol precipitation. Routinely, 10 |ig of transcript were obtained from 1 ng of template. RNA concentrations were determined spectrophotometrically, assuming 1 absorbance unit at 260 run corresponds to 40 (ig/ml RNA in a 1 cm path-length cell.
End-labelling of RNAs 5'-end-labelling of RNA with [y-32 P] ATP was done as previously described (21, 25) . To introduce radiolabel at the 3'-end of the tRNA^, the CCA 3'-end of the tRNA was removed by a partial digestion by phosphodiesterase and restored by (ATP:CTP) tRNA nucleotidyl-transferase in the presence of the [a 32 P]ATP as described (21) . Labelling at the 3'-end of the TMV minihelix was performed by ligation of [a-
32 P]pCp with the T4 RNA ligase according to (27) . After labelling, RNAs were purified by electrophoresis in 12% denaturing polyacrylamide gels. The labelled RNAs were eluted from gels by 125 mM ammonium acetate at pH 6.0 containing 0.5 mM EDTA and 0.025% SDS. After ethanol precipitation, RNAs were dissolved in water and stored at -20°C.
Cleavage conditions
Reaction mixtures contained 5'-or 3'-end labelled RNAs (50-100 000 Cerenkov c.p.m.) supplemented by 1 u.g of carrier tRNA dissolved in 20 (il of appropriate buffer, as described in the text. After incubation, 20 (il of 0.3 M sodium acetate at pH 5.0 was added to each probe followed by 400 (il of a 2% solution of lithium perchlorate in acetone. The precipitated RNA was recovered by centrifugation and the precipitate was washed with 400 H. 1 of acetone and dried. Samples were dissolved in 7 M urea containing 0.1% bromophenol blue and xylene cyanol and subjected to electrophoresis through a denaturing polyacrylamide gel (12% acrylamide, 7 M urea, 30 x 40 x 0.04 cm 3 ).
Quantitation of the cleavage patterns
Cleavage patterns were quantitated using a FUJIX Bio-Imaging Analyzer BAS 2000 system. Photostimulatable imaging plates (type B AS-III from Fuji Photo Film Co, Ltd, Japan) were pressed on gels and exposed at room temperature for 30 min. Imaging plates were analysed by performing volume integrations of specific cleavage sites and reference blocks using the FUJIX BAS 2000 Work Station Software (version 1.1).
RESULTS AND DISCUSSION
Basic observations with imidazole is unfolded (lane 2) and that the cleavage occurs essentially non-randomly when the reaction is performed in conditions stabilising the RNA structure, i.e. at low temperature and in the presence of magnesium ions (lane 1). The location of the cleavages within the tRNA As P sequence is shown in Figure 3 . The dependence of the cleavage reaction on experimental conditions is shown in Figure 4 . Yield of hydrolysis increases with the increase of imidazole concentration and significant cuts are generated for imidazole concentrations above 1 M (Fig. 4a) . In accordance with earlier reports (16), the hydrolysis rate increases with the first power of the buffer concentration. This linear dependence may be explained by increased concentration of the protonated form of imidazole in the vicinity of the polyanionic RNA. Due to this, the protonated imidazole is always present in excess and reaction should be dependent linearly on the concentration of the second required species, non-protonated imidazole. The effects of pH and incubation times on tRNA^P hydrolysis are illustrated in Figure 4b and c. As expected, intensity of cleavage increases with incubation time and pH optimum of the reaction is pH -7.0. This behaviour is consistent with the imidazole promoted hydrolytic mechanisms, similar to that of RNase A, involving imidazole moieties in equimolar equilibrium between deprotonated imidazole and protonated imidazolium forms (14) (15) (16) (17) . Increasing temperature results in enhancement of reactivity of phosphodiester bonds protected from hydrolysis by the RNA structure (Fig. 4d) . In controls where imidazole was replaced by a HEPES buffer at pH 7.0, spontaneous degradation of tRNA was negligible. Finally, it was found that 1-methylimidazole buffer also catalyses hydrolysis of RNA, although with an efficiency 3-to 4-fold lower, as compared with that of imidazole (data not shown).
The above data correspond to average cleavage extents for a large number of phosphodiester bonds scattered over the structure of tRNA. Therefore it is not excluded that slight mechanistic differences exist for the cleavage of individual bonds linked to different structural environments in the tRNA or, as discussed for the hydrolysis of model compounds (28) , to special medium conditions around these bonds. Also it is clear that for incubations at high pH, the acid/base cleavage mechanism mimicking the action of RNase A is accompanied by an hydroxy de-catalysed reaction.
Specificity and mechanism of cleavage of RNA in imidazole buffer
As seen in Figure 2 , cleavages occur predominantly within the single-stranded regions of the tRNA^ cloverleaf (Fig. 3) . Phosphodiester bonds in the double-stranded regions of the molecule are more resistant to imidazole hydrolysis. Resistance to hydrolysis appears also at the 5'-sides of the anticodon loop and the T-loop. These observations demonstrate the potential of imidazole buffer to cleave RNA in a specific way reflecting features of the secondary structure of the molecule. The decreased rate of the cleavage within the double-stranded regions of RNA The tRNA was incubated in 2.0 M imidazole buffer, pH 7.0 containing 40 mM NaCI, 1 mM EDTA and 10 mM MgCh for 25 h at 30°C, 12 h at 37"C, 8 h at 45°C, 5 h at 50°C, 3.5 h at 55°C, 2 h at 60°C and I h at 70°C. The incubation times at different temperatures have been selected so as to provide similar extent of cleavage of the exposed phosphodiester bonds in the anticodon loop of the molecule. R2, relative cleavage extent at the group of phosphodiester bonds determined as ratio of intensity of the group of bands corresponding to cleavages at given phosphodiester bonds to the group of bands corresponding to the cleavage at the phosphodiester bonds in the anticodon loop (phosphodiester bonds 32-38).
and at the 5'-side of the loops where nucleotides are in a stacked conformation (29) can be explained by the increased rigidity of the RNA backbone in these regions. This rigidity interferes with conformational changes needed for the appropriate orientation of the phosphodiester bond and the sugar for the trans-esterification step of the reaction. A similar explanation holds for the spontaneous cleavages of hydrolytic nature of RNAs, including t Rjsj i \Asp mat ^gQ O^UJ. predominantly in single-stranded regions (e.g. 21, 30, 31) .
By analogy with the enzymatic mechanism demonstrated for RNase A (14,15), a cleavage event catalysed by the imidazole reagents on tRNA, results in the formation of a fragment having a 5'-hydroxyl and a second fragment having a 3'-phosphate group. This conclusion is consistent with the electrophoretic mobility of the degradation products that migrate like oligonucleotides generated by RNase T1 or by alkaline hydrolysis (see Fig. 2 ).
It should be noted that hydrolysis in imidazole buffer at high temperature provides a simple method for producing RNA ladders at neutral pH, which is an advantage for RNAs containing alkali-sensitive bases. The latters are partially destroyed in the traditional hydrolysis conditions which results in doubling of electrophoretic bands and strongly enhanced bands at the positions corresponding to the pH-sensitive nucleotides. This is, for example, the case for the m 7 
G containing tRNAs (31).
Cleavage with spermine-imidazole conjugates
We expected that due to electrostatic interaction, the spermineimidazole constructs (Fig. 1B) would bind to RNA and bring the conjugated imidazole residue in contact with the phosphodiester backbone of the RNA. The second imidazole needed for the reaction would be provided as a free molecule by the imidazole buffer. It was found that the constructs indeed cleave tRNA in the presence of imidazole. Figure 5 displays a typical autoradiogram of the cleavage patterns of 3'-end-labelled tRNA^P by the spermine-imidazole conjugates (Sp-Im, Sp-Im-1 and Sp-Im-3). The derivatives generate a non-random hydrolysis pattern with two major and several faint bands. Cleavage positions are similar to those observed for the conjugate Phen-Im (13) , although relative intensities of cuts are different. The intensity of cleavage is highest with Sp-Im, in accordance with the above-mentioned observations on higher hydrolysing efficiency of imidazole as compared to the N-methylated imidazole. This is further evidence that it is the imidazole residue of the conjugate which catalyses hydrolysis. Spontaneous degradation of tRNA under these conditions, either in the absence of the reagents, in the presence of Sp-Im without imidazole buffer, or in 50 mM imidazole buffer in the absence of the constructs is negligible. The fact, that the constructs and diluted imidazole buffer alone are inactive is also strong evidence that hydrolysis is not caused by contaminants, like traces of RNases or metal ions. The tRNA cleavage by Sp-Im is stimulated optimally at concentrations of the imidazole buffer in the 50-100 mM range. Further increase of buffer concentration inhibits the reaction, likely because of the displacement of Sp-Im from RNA due to the increased ionic strength of the solution. Incubation of RNA with Sp-Im for 48 h in optimal reaction conditions results in complete hydrolysis of the tRNA, as evidenced by disappearance on the gels of the tRNA band accompanied by a decrease of the intensity of bands of longest oligonucleotides and a concomitant increase of those of shortest oligonucleotides. Sufficiency of low concentrations of imidazole buffer for the hydrolysis in the presence of the conjugates can be explained by electrostatic effects. Thus, the buffer supplies the protonated imidazole species, which is present at increased concentration in the vicinity of the polyanionic tRNA and the main role of the conjugate consists of providing high local concentration of the non-protonated imidazole. 
Specificity of the spermine-imidazole promoted cleavages
The major cleavages by spermine-imidazole conjugates occur at two CpA sequences at positions 55-56 and 20-21 in tRNA (  Figs 3 and 5) . Less intense cuts are observed after U8, ¥13, C36 and C43. All cleavages occur after pyrimidine residues and for the most intense they are within 5'-PypA-3' sequences, in particular CpA. The cleavage pattern of the tRNA can be affected by two factors: the reactivities of individual phosphodiester bonds and the specificity of binding of the cationic molecules at the tRNA surface. This pattern is in agreement with the known spermine binding sites in tRNA^P identified by affinity modification with a photoreactive spermine conjugate (3). One of the spermine binding sites is in the vicinity of phosphates 9-11, another between phosphates 23-26 and 41-44, and one or two additional sites are in a cleft formed between juxtaposed phosphates of the D-and T-loops. The minor cut at phosphodiester bond 8, likely originates from the Sp-Im bound in the first site and the other cut at position 43 corresponds to the second spermine binding site. The strongest cuts at positions 20 and 56 are produced by the reagents bound between the T-and D-loops. These are the sites where the bound photoreactive spermine conjugates modify nucleosides in positions 20-25 and 57-61 (3). Another minor cut by Sp-Im at phosphodiester bond 36 occurs also in agreement with the data on interaction of the photoreactive spermine conjugate with nucleosides 33-34 (3). The tRNA^ cleavage pattern by Sp-Im is similar but not identical to that produced by the Phen-Im constructs containing two imidazole residues attached to an intercalating dye (13) . In the latter case the major cleaving site at position 56 is one order of magnitude more intensive than cleavages at any other sites, while the Sp-Im constructs show marked preference to phosphodiester bonds at position 20 and 56. Likely these reactivity differences are due to differences in the binding mode of the cleaving molecules at the tRNA surface. Thus, specificity is mainly governed by the reactivity of individual phosphodiester bonds, modulated by the binding pattern of the cleaving molecules on the tRNA structure.
Cleavage specificity of the spermine-imidazole constructs is different from that observed for tRNA hydrolysis by concentrated imidazole buffer. In such a buffer, all phosphodiester bonds in single-stranded regions are hydrolysed at similar rates. A source of the difference may be that small free imidazole molecules can reach riboses and phosphates of RNA easily from different directions without disturbing the RNA structure. In the case of the conjugates and RNase, the cleaving molecules bind to RNA and thus can affect, to different extents, conformation, flexibility and accessibility of phosphodiester bonds in different dinucleotide sequences. Apparently, a favourable situation is realised for PypPu sequences. The instability of such sequences in RNA is a known phenomenon (21, 30, 31, (33) (34) (35) ) the mechanism of which remains to be elucidated. It was observed when enzymatic, spontaneous or chemical hydrolysis of natural or synthetic RNAs was investigated and can be promoted by different factors, including detergents and various proteins (33, 34) .
Imidazole and spermine-imidazole as structural probes for RNA
A number of small organic molecules capable of cleaving RNA are used as structural probes of RNA (1) (2) (3) (4) (5) (6) 21, 26, 36) . Several recent studies were directed to the development of new reagents cleaving RNA by fra/w-esterification of the phosphodiester linkages (see e.g. 12 and 13). In this paper we show the potential of imidazole and synthetic constructs with imidazole residues to serve as probes for studying RNA structure in solution. This conclusion is based on the pronounced effect of the architecture on the hydrolysis of its phosphodiester bonds by these compounds. It is further supported by the structural mapping of an RNA fragment derived from the tRNA-like structure of TMV RNA (Figs 6 and 7) . Based on functional and structural properties of viral tRNA-like domains, this molecule should correspond to a histidine accepting minihelix mimicking the amino acid accepting end of a tRNA and should contain a pseudo-knot (Fig. 7) . Functional assays have indeed verified the ability of this RNA to be charged by histidine (37) . Probing with imidazole and Sp-Im indicate cleavages in the four singlestranded regions of the 38 nucleotide-long RNA (Fig. 6) . Interestingly, the two connecting single-strands of the 3'-terminal pseudo-knot (LI and L3 in Figure 7 ) are well cut, except nucleotide A18 in LI, which was proposed in the case of the satellite virus of TMV (38) to mimic the minus one histidine identity nucleotide present in all canonical tRNA^ species. The present chemical data thus support the proposal that this nucleotide is stacked on the acceptor stem over C19 and that its phosphodiester linkage is less flexible to be strongly cut by the imidazole probe. An interesting point concerns the imidazole cleavages observed for the loop between nucleotides U28 and U34, which are consistent with a T-loop conformation found in canonical tRNAs. Indeed, U28 and especially A29 are weakly cut as compared to the other nucleotides of the loop (see Figs 6 and 7 for details), in agreement with a weak flexibility of the phosphodiester bond between C27 and A30 which are geometrically constrained in a T-loop conformation. Indeed, the A30-U34 reverse Hoogsteen pair is stacked on the last base pair of the acceptor branch and the two U28 and U29 nucleotides are stacked one to another in an internal bulge conformation (39) .
Conclusions and perspectives
The RNA cleaving compounds investigated in this work represent a new family of tools to study RNA conformation. Hydrolysis in imidazole buffer can be used for easily and readily distinguishing between single-stranded and double-stranded sequences in RNAs. The conjugates with imidazole groups represent simple mimics of RNase A: they contain a structure allowing binding of the molecules to RNA and a residue catalysing the hydrolysis reaction. These simple molecules have an advantage as structural probes, as compared to RNase A. This cationic enzyme is known to affect RNA structure upon binding and in some cases it easily cleaves RNA at PypPu sequences in double-stranded regions of the molecules. In contrast to the enzyme, the mimics do not unfold RNA structure and they can be expected to cleave only within the true single-stranded sequences of RNA. The developed artificial nucleases might be used for comparison of structures of mutant tRNAs and of other RNA molecules. An interesting feature of the Sp-Im/imidazole buffer system is its binary nature. Hydrolysis of RNA by the groups belonging to two different molecules provides a possibility of development of binary RNA cleaving groups which may represent attractive groups for design of second generation antisense oligonucleotide derivatives.
